PRISE - FORCE MODELS FOR
DRAINED AND UNDRAINED
STEADY STATE ICE SCOURING

Prepared for

PRISE Participants

Prepared by

C-CORE

C-CORE Publication 98-C33
December 3, 1998

C-CORE

Memorial University of Newfoundland
c-conE St. John's. NF. A1B 3X5, Canada }
—

Tel. {709) 737-835¢  Fax. (709) 737-4706




v

The correct citation for this report is:

Walter, D. J. and Phillips, R. (November 1998). “PRISE - Force models for drained and undrained
steady state ice scouring”. Contract report, C-CORE Publication 98-C33.



QUALITY CONTROL REPORT

Client: PRISE Participants

Project: Risk of ice damage to seabed facilities

{ Client’s Contract Ref:

C-CORE Cost Centre:

Document Title: Force models for drained and undrained steady state ice scouring

C-CORE Pub. No.: 98-C33

Prepared By: D. J. Walter and R. Phillips

Date: November, 1998

Technical Accuracy

Nov. 27'}/79 \S_jam ‘k}'

Dee o’l,\d / 'ol8 /@n.\

Syntax

Layout & Presentation

General Evaluation | _ ' 7

-

Approval for Release Q @q (/(A/(/v

%/Presidem & CEO

t




Force models for drained i December 3, 1998
and undrained steady
state ice scouring

TABLE OF CONTENTS
IO INTRODUCTION ...t i
20  REVIEWOFICESCOURMODELS ......... ... 2
21 ChariModel ... ... ... 2
2.1.1 Modeldescription .................. 0. 2
2.1.2 Formulationof model ..................... ... ... ... ... .. .. 2
2.1.3 Governing equations . ...................i 5
22 KiokaModel ........... .. 7
22,1 Modeldescription .................. ... 7
222 Formulationofmodel ........... ... ... ... ... .. .. 7
2.23 Governing equations ................... .0 9
23 BeenModel ........ .. 12
23.1 Modeldescription ................ ... 12
232 Formulationofmode! ............. ... ... ... . .. ... ... 13
2.3.3 Governing eqUAations ... .................iii 15
24 SutkovModel ... ... 18
24.1 Modeldescription ............. . ... . 18
242 Formulationofmodel ............. ... ... ... ... .. ... .. ..... 18
243 Governingequation .............. ... 20
25 Other ScourModels . ...... .. .. ... . ... . . . . . 21
3.0  C-CORE MODEL FOR FULLY DRAINED SCOURING . ..............oooo ... 22
3.1 Model Description . ... 22
32 Formulationof Ice ScourModel ................... ... ... ... . . ... . ... 22
3.3 Determination of Soil Reaction Force and Point of Application ............. 30
40  C-CORE MODEL FOR UNDRAINED SCOURING . ..........00voeon, 32
4.1 Model Description . ......... ... 32
4.2 Formulation of Ice Scour Model ................... . ... .. ... .. ... .. .. 34
5.0  COMPARISON OFICE SCOURMODELS ............coviuiiiii 39
5.1 Ice Scouring With Drained Conditions ................................ 39
5.1.1 Comparison with test data and othermodels ................... ... 35
5.1.2  Sensitivity of model to variations in parameters ................... 42
5.2 Ice Scouring With Undrained Conditions ............... ... .......... 46
5.2.1 Comparison with test data and othermodels .................... .. 46
5.2.2  Sensitivity of model to variations in parameters . .................. 50
REFERENCES ... .. . 55



Force models for drained i December 3, 1998
and undrained steady
state ice scouring

LIST OF TABLES

Table 1. Summary of symbols and abbreviations used in Charimodel .................... 6
Table 2. Summary of symbols and abbreviations used in Kiokascourmodel .............. 11
Table 3. Summary of symbols and abbreviations used in Been scourmodel ............. .. 17
Table 4. Summary of symbols and abbreviations used in Surkovmeodel .................. 20
Table 5. Summary of abbreviations and symbols used in C-COREmodel ................ 31
Table 6. Development of a relation for the overall horizontal scour resistance ............. 37
Table 7. Summary of abbreviations and symbols used in C-COREmodel ................ 38
Table 8. Parameters used for scour calculations shown in Figures 17and 18 .............. 42
Table 9. Parameters used for scour calculations shown in Figures 24and 25 . ............. 47

C-CORE



e

Force models for drained it December 3, 1998
and undrained steady
stale ice scouring

LIST OF FIGURES

Figure 1. Chari Model - Idealized scouring mechanism ............................... 3
Figure 2. Chari Model - Scour forces and geometry ........................vivin... 4
Figure 3. Kioka Scour Model - Experimental setup for model experiments . ............... 7
Figure 4. Kioka Model - Scour forces and geometryusedinmodel ...................... 9
Figure 5. Geometry and forces used in Been mode] (Beenetal 1990b) .................. 12
Figure 6. Plan view of ice scour mechanism assumed for Beenmodel ................. .. 14
Figure 7. Calculation steps for Been model (Beenetal 1990b) ........................ 16
Figure 8. Idealized scouring mechanism assumed for Surkovmodel .................... 18
Figure 9. Equivalent surcharge used in passive pressure calculation for Surkov model . . . ... 20
Figure 10. Mechanism for C-CORE ¢’ - ¢’ icescourmodel ... .............cuvnn... 23
Figure 11. Scour geometry and location of scour forces ................c.ouuurennn.... 25
Figure 12. Scour width correction to account for 3D effects . . ......................... 28
Figure 13. Variation of passive pressure correction factor with B/Dratio ................ 28
Figure 14. Mechanism for undrained ice scourmodel . .............co i, 33
Figure 15. Forces considered in analysis (in cross-section) . ........................... 35
Figure 16. Forces considered in analysis (inplan) ...................... ... ... ..., 35
Figure 17. Comparison of scour models for drained conditions ........................ 40
Figure 18. Comparison of C-CORE drained scour mode] withtestdata .................. 41
Figure 19. Sensitivity of drainedmodelto B ............. ... .. ... ... .ccouiiuei.. 43
Figure 20. Sensitivity of drained modetto ¢’ ............ ... . .. .. i, 43
Figure 21. Sensitivity of drained model t0C” .. ...... .. ... it 44
Figure 22. Sensitivity of drained modelto e .................. .. ... ... .. ....... 44
Figure 23. Sensitivity of drained modeltoy’ ............ ... ... ... ... . i, 45
Figure 24. Comparison of Chari and C-CORE models for undrained conditions ........... 48
Figure 25. Comparison of test data to drained and undrained models .................... 49
Figure 26. Sensitivity of undrained model to B (6=165°, ¢, =25 kPa, y=10kN/m3) ........ Sl
Figure 27. Sensitivity of undrained model to o (B=15 m, ¢,=25 kPa, y=10kN/m3) ........ 52
Figure 28. Sensitivity of undrained model to ¢, (B=15 m, a¢=165°, y=10kN/m3).......... 53
Figure 29. Sensitivity of undrained model to y* (B=15 m, a=165°¢c,=25kPa) ............ 54

C-CORE



Force models for drained 1 December 3, 1998
and undrained steady
State ice scouring

1.0 INTRODUCTION

This report was written to document the development of two numerical models for predicting soil
forces during steady state ice scouring conditions. A brief review of existing scour models is first
carried out which provides a description of various existing models including a summary of the

assumptions used in formulating the models.

A detailed description is provided of the formulation of two C-CORE models: The first model is
suitable for analysing scour forces in fuily drained soils using effective strength parameters, ¢’ and
¢". The second model is suitable for analysing scour forces in undrained conditions with $=0 and

using the undrained strength, ¢,
Comparisons are made between the C-CORE models and other existing models, as well as with the
results of scour experiments carried out on a centrifuge for the Pressure Ridge Ice Scour Experiment

(PRISE).

Finally, parametric analyses are carried out to determine how the computed scour forces vary with

changes to key parameters.

C-CORE
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20 REVIEW OF ICE SCOUR MODELS

2.1  Chari Model

2.1.1 Model description

The Chari model for ice scouring is an energy model that balances the energy available to drive an
iceberg against the resistance to scouring provided by a sloping seabed. Energy is computed
considering the mass of the berg and environmental factors such as current, current drag, and wind.
Resistance to scouring is determined based on a passive pressure mechanism at the face of the
scouring berg, and is dependent on the length, depth and width of the scour, the surcharge developed
due to the scouring berg, the effective unit weight of the soil, and the shear strength of the soil (see
Figure 1). The original model was presented by Chari (1975) and extensions, refinements, and
validations of the model have since been extensively published (Chari and Guha 1978, Chari and
Muthukrishnaiah 1978, Chari 1979, Chari 1980, Chari et al 1980, Chari and Peters 1981, Chari and
Green 1981, Green 1984).

2.1.2 Formulation of model

The problem geometry and the location and orientation of scour forces are shown in Figure 2. A

summary of symbols and abbreviations used in the Chari model is provided in Table 1. The

following paragraphs provide a summary of the assumptions used in formulation of the Chari scour

model.

- The iceberg is a prismatic block, rectangular in plan with its short side perpendicular

to the travel direction,

C-CORE
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Figure 1. Chari Model - Idealized scouring mechanism

- The strength of the ice is greater than the strength of the soil.

- The bottom sediments are assumed soft and yielding.

- The berg moves with a constant draft (i.e. horizontally into the slope).

- Grounding occurs only when the berg meets a bank or a slope.

- Berg movement is assumed to be normal to the slope during grounding.

- There is no volume change associated with the soil going from its original to the

displaced condition.
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Figure 2. Chari Model - Scour forces and geemetry

- It is assumed that the soil is cohesive. The friction angle is considered to be small and

is neglected.

- The base shear is assumed to be small in comparison with the passive resistance at

the front of the berg and is neglected (i.c. constant draft with no downward pressure).

- The weight of the passive wedge of soil includes a surcharge due to the displaced

soil.

- The slope of the sea floor, tan B, and the slope of the frontal mound, tan «, are
assumed to be very small in calculating the total soil resistance (i.e. horizontal

slopes).

- The height of the frontal mound, h, is assumed to vary linearly with scour depth, d

(i.e. h = constant - d).

C-CORE
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- The wedge angle, 8, is assumed to be equal to 45° for cohesive soil (i.e. 45 - $/2,
where ¢ = 0°).

- It is assumed that the work carried out in accelerating the soil wedge to the velocity
of the berg is negligible compared to the initial kinetic energy of the iceberg and is

neglected.

2.1.3 Governing equations

At any instant during scouring, the frontal resistance to the iceberg is calculated as:

1 2 2
P=y(h+d) B+ 2tdB +rd

2 sin20 2

(I+cot)

The equation for iceberg scour is given as:

Fde+21—8FML+%MV2 ::éy‘(H + D)* BL + tDLB +grDEL+o.1y'BD"L

C-CORE
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Table 1. Summary of symbols and abbreviations used in Chari model

Description

w = wind drag force = ¥2p, A(CpAs + Cp Apg)V, 2
current drag force = Y2l (Cp, Ar + Cyr, AR )IVi-VA(V V)

final length of scour

= mass of berg

= initial velocity of berg at the commencement of scouring

drag coefficient

density

= cross-sectional area on which the drag force acts

= submerged unit weight of ocean bed sediment

= final height of scoured soil at the front face of berg

final depth of scour

width of berg perpendicular to the direction of scour

= shear strength of ocean bed sediment

= height of scoured soil at the front face of the berg at any instant of scouring
= depth of scour at any instant of scouring

= angle of the inclined face of ploughed soil in front of berg

= bottom slope angle

= shearing angle on passive wedge at leading edge of berg

¢ scour length

A = distance to end of spoil pile in front of scour
S = shear resistance along base of wedge

N = normal force at base of wedge

Ws= weight of soil wedge

S’ = side shear resistance

total soil sistance

<z mm |
o

o
[| 1

DWR AT APY T PO
I
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2.2 Kioka Model

2.2.1 Model description

The Kioka sand model was developed for the case where sea ice scrapes the sandy sea floor while
it is pushed by the offshore ice field to a shallow sea area. A description of experiments carried out
to simulate this process was provided by Kioka and Saeki (1995) and Kioka et al (1998). A view of
the experimental setup used in the model experiments is provided in Figure 3. The model
incorporates passive resistance on the front and sides of the scour, and sliding resistance on the base
of the ice. The scour forces are determined by solving the equations of motion in the horizontal and

vertical direction and the stability conditions of the ice.

MODEL ICE ]
N

OIL JACK

N LOAD
“““ CELL

SAND WATER

Figure 3. Kiocka Scour Model - Experimental setup for model experiments

2.2.2 Formulation of model

A summary of the symbols and abbreviations used in describing the Kioka ice scour model is
provided in Table 2. The scour geometry and associated forces are shown in Figure 4. The Kioka ice

scour model was formulated using the following assumptions:

- The scouring model developed is for sands.

C-CORE
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- The sea floor bottom is sloped.

~ The scouring berg is rectangular parallelopiped in shape with a vertical or sloping

scouring face.

- The scouring berg is assumed to be moving at a constant velocity.

- Neglect consecutive changes in the internal friction angle, nonuniformity of relative

density of sand, and the problems with permeability.
- Forces considered include earth pressure acting on the front and sides of the model,
the subgrade reaction and dynamic friction acting on the bottom of the model ice, and

the buoyancy of the model.

- It is assumed that all of the sand moved by the model is deposited on the front part

of the mode! ice.

- Passive pressure on the front of the model is determined using the Coulomb passive

pressure formulation.

- Passive pressure on the sides of the model is determined using the Rankine passive

pressure formulation.

- The ice moves vertically and horizontally during scouring. It is assumed that the

model ice moves along a function Y={(x) called the gouging curve.

C-CORE
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- When the gouging curve is known, the ice force is obtained from the equations of

motion in the horizontal and vertical directions and the stability conditions of the ice.

Figure 4. Kioka Model - Scour forces and geometry used in model

2.2.3 Governing equations
1) Earth pressure on front of model P
P, =Yy H:B K,

2) Earth pressure on sides of model (P,)

P v Kp[ [J.: Iﬂzwg}n a‘n dé + I;{+(Z+Z')mne Iz‘(;)n dn dé:l

£ colg

where K =tan*(45+¢/2)
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3) Accumulation of sand during the movement of the ice, Z’(x)
B 12
Z'(X)= N<c p(-=-E X)[j xp(——= X){Xtani—C(X)}+c1dx>
4) Equation of motion in the horizontal direction

F-P_ cos(a~8)-pu, (2P, +K)- Kdg =0

5) Equation of motion in the vertical direction
2
MV} d i tu, j—f;—) -W+(h'B +%h"" tan8)By, £ F, - P, sin(@-45) =0

6) Vertical frictional force acting on back of ice at point of connection with ram

2
F = {-[(h'B+~1£h'2 tan 6)By, L, - WL, —%Pq, cos(@—8)— MV} %(—%-LG -M, +(h—§(X))F]

The unknown quantities from the above formulae are F, K and F, and the above equations are solved

for these unknowns.

C-CORE
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Table 2. Summary of symbols and abbreviations used in Kioka scour model

P = passive earth pressure on front of model
Coulombs passive pressure coefficient
passive earth pressure on sides of model
Rankine passive pressure coefficient
submerged unit weight

Z [(cos(i+0)cosi) / (cos(i+o)cos)]
width of the ice i
slope of seafloor from horizontal

friction angle of soil

= angle of inclination of the front side of the ice

= friction angle between ice and soil

angle between face of ice and seafloor

= f(€) = accumulation height of sand

= gouging depth

gouging curve

= weight of the model ice

buoyancy

= subgrade reaction in the vertical direction

= ice force

frictional force in the vertical direction between the model ice and the
connector

’ = draft of the model ice

H, = height of the model ice
= coefficient of dynamic friction between the ]

oo
i

*

I

---.w::u_<‘."z
[¥

NANND > oo
I I

%
[

TR £ €
]

=11
;

-

=
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2.3  Been Model
2.3.1 Model description

The Been ice scour model calculates the energy of the advancing ice feature and energy dissipated
by the work carried out due to scouring of the sea floor over small prescribed displacement intervals.
After each increment of ice movement, a force equilibrium calculation is performed to determine the
magnitude of ice uplift. Soil resistance is determined based on a passive pressure rupture zone
created at the front of the scouring ice. The model uses effective strength parameters and assumes
drained conditions during scouring. The model was developed by Golder Associates Ltd. and is

described by Been et al (1990a and 1990b).

r‘tmxw=1.m5w ———-—l
* SEA LEVEL /P’\ l
s

et 1/2 Sw —-q \
SCOURING FACE

e —

DIRECTION GF
MOVEMENT

Mb

Fa -—= %Fb JE
I
S
# w
? i
i
A

Figure 5. Geometry and forces used in Been model (Been et al 1990b)
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2.3.2 Formulation of model

The scour model is based on the free body diagram for an idealized ice feature moving into a sloping
seabed as shown in Figure 5. The symbols and abbreviations used in formulating the Been model
are summarized in Table 3. The assumptions used in formulating the scour model are briefly

summarized in the following paragraphs.

- Scouring occurs until the initial kinetic energy and work done by the driving forces
is expended through work done on the seabed, or until the soil resistance exceeds the

strength of the ice keel.

- The sea floor is sloping and the scour occurs perpendicular to the slope.

- The movement of keels are mostly horizontal and largely controiled by the parent

floe.

- The ploughing face may have a very low angle to the horizontal (generally <30°).

- Ice keel widths are generally large when compared to keel depth. Due to the large
keel width:depth ratio the three-dimensional affects are considered to be small and

are neglected in the model.

- A quasi-dead wedge of soil forms in front of the ice keel and is carried with the ice
during scouring. The net effect is to increase the cutting angle of the scouring ice

keel.

- As the ice keel translates, soil is pushed up and out in front of the scour eventually

forming a stable mound configuration. Additional soil feeding in from the failure

C-CORE
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zone is cleared from the path of the ice to berms on either side of the scour.

Figure 6. Plan view of ice scour mechanism assumed for Been
model

- The edge effects and ploughing motion combine to form a spoon shaped failure zone
(See Figure 6).

- As the ice continues to scour, the vertical force applied by the soil on the ice will
increase, causing upwards movement of the ice keel so that vertical force equilibrium

of the ice mass 1s maintained.

- The passive resistance at the front of the scouring berg is determined using a method
modified from that proposed by Sokolovski (1965). The Sokolovski stress field
method is a lower-bound plasticity solution assuming two-dimensional plane strain
conditions. The Mohr-Coulomb failure criterion is satisfied throughout the soil mass

and each point within the mass is in a plastic state. The stresses within the ruptured

C-CORE
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zone are taken to be in equilibrium with the boundary stresses applied to the soil. The
stress distribution is found by satisfying the equations of equilibrium within the

failure zone.

- The Sokolovski approach is modified to include the formation of dead wedges of soil
within the failure zone which are calculated in a similar manner to that described by

Hettiaratchi and Reece (1975).

- Not all of the features of the model are fully developed in the software provided by
Golder Associates (Been et al 1990b). It appears that the program is configured to
calculate the vertical and horizontal forces due to the passive pressure failure at the
front of the berg (including an adjustment to the scour depth to account for the
vertical component of the passive resistance). The program does not appear to
calculate the normal soil reaction force below the keel or the sliding resistance on the

base of the scour due to the normal force.

2.3.3 Governing equations

The governing equations for the Been model are not explicitly documented in the literature. The
source code has been published (Been et al 1990b) for a computer program written to carry out scour
analysis using the model. If required, the governing equations could be backed out of the source

code. A flow chart for the computer program is shown in Figure 7.

C-CORE
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Figure 7. Calculation steps for Been model (Been et al 1990b)
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Table 3. Summary of symbols and abbreviations used in Been scour model

Description

Parameter
| |

sail height (typically 1 to 8 metres)

|
|
|
|
I

= keel depth
Sw = sail width
Kw = keel width
T = ice thickness
F = freeboard
ds = depth of scour
L = length of scour
Ek = Kkinetic energy of berg
i Fd = drag force on ice due to wind and current

P passive resistance of soil

N normal force on ice from soil outside the “passive zone™
f friction between ice and soil

Fb flexural force supplied by surrounding ice

h height of berg above free floating level

Mb = righting moment due to bouyancy
W

B

S

= weight of ice feature
= bouyancy force

slo adient
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24 Surkov Model

2.4.1 Model description

Surkov’s (1995) ice scour model is very similar in some ways to the Chart model. Both models

involve the horizontal translation of an ice feature into a sloped seabed. Figure 8 shows the

mechanisms assurned for the Surkov model. The primary differences between the Surkov model and

the Chari model is that (1) the Surkov model is for frictional soil rather than cohesive soil, and (2)

the Surkov model assumes that all of the displaced soil remains in front of the scouring berg.

e i
——— ey [ G
FLOATING

BERG

X

SCOURING
BERG

1

Figure 8. Idealized scouring mechanism assumed for Surkov model

2.4.2 Formulation of model

The problem geometry and the location and orientation of scour forces are shown in Figure 8. A

summary of symbols and abbreviations used in the Surkov model is provided in Table 4. The

following paragraphs provide a summary of the assumptions used in formulation of the Surkov scour

model.
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~ The ice scour model calculates soil resistance based on the passive pressure calculated
for a wedge of soil at the leading edge of the scouring berg subjected to a surcharge due
to the creation of a frontal mound.

— It is assumed that the seafloor slope is constant.

— Scour occurs in a horizontal direction into the slope. There is no vertical movement

associated with the scour.

~ Assume that the cohesion of the soil is small and can be neglected. Only the friction

angle is used in determining the passive pressure coefficient.

~ The width of scour (B) is assumed to be much greater than the depth of scour (H),
therefore, all of the soil displaced during scour is assumed to contribute to the height of
the frontal mound (i.e. no lateral displacement of soil).

— The friction angle of soil in the berm is equal to the angle of repose of the soil.

— An equivalent height of surcharge is assumed that is 0.15 times the height of the mound

(see Figure 9).

— Side shear is assumed to be a small component of the overall soil resistance and is

neglected.

-~ Neglect friction along bottom of ice keel.

C-CORE
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Figure 9. Equivalent surcharge used in passive pressure calculation for Surkov

model

2.4.3 Governing equation

The horizontal scouring force for some scour length, x, is calculated using the following equation:

Fe(x) = I:%y(tana + 0.85\/tana tan ¢ + tan’ ¢ T 1‘,‘[!,8]x2

Table 4. Summary of symbols and abbreviations used in Surkov model

scour force for a specified scour length, x
width of scour
stope of seafloor

friction angle of soil

passive pressure coefficient, (Rankine)
horizontal scour distance

scour depth = x tan a

length of berg

o
I

it n

SEFECOI X ASRW

equivalent height of surcharge

unit wei_g_ht of soil

IL

height of frontal mound (approximated as uniform surcharge)
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2.5 Other Scour Models

There have been scour models developed and physical model tests carried out in addition to those
described in the previous sections of this review. Some of these include the work-energy FENCO
(1975) model, which is quite similar to the Chari model; the Beloshapkov-Marchenko model
(Beloshapkov et al, Beloshapkov and Marchenko 1998) which is extremely complex mathematically;
and others (Dunwoody et al 1984, Bea et al 1985, etc). A scour model, based on the Chari model,
has been used by Truskov and Surkov (1991} to predict scour depths in the northern Sakhalin

offshore.
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30 C-CORE MODEL FOR FULLY DRAINED SCOURING
3.1  Model Description

The C-CORE ice scour model for ¢’ - ¢’ soil under drained conditions, is based on the assumption
of steady state scour conditions where the scour force, the scour depth, the scour width, and the size
of the frontal mound and side berms remain constant over large scour distances (often in the order
of 1000's of metres in length). Scour resistance is generated by the soil through several mechanisms
including, (1) passive resistance at the front of the scouring berg, (2) shear resistance at the base of
a dead wedge created in front of the scouring berg, and (3) shear resistance on the two sides of the

dead wedge. These mechanisms are shown schematically in Figure 10.

3.2 Formulation of Ice Scour Model

The assumed scour geometry and the location of the forces are shown on Figure 11. The magnitude,
location, and orientation of the resultant soil reaction forces, R, and R, can be determined using the
scour model developed on the following pages. A summary of symbols and abbreviations used in

formulating the scour model is presented in Table 5 located at the end of section 3.
The methodology and assumptions used in formulating the scour model are summarized as follows:

— The base of the scour is parallel with the sea floor (this is equivalent to assuming that the

sea floor is horizontal and the scour depth is constant).

— Steady state scouring conditions are assumed where:
— scour depth, D, is constant,

— scour width, B, is constant,

C-CORE
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— the dimensions of the frontal mound and side berms are constant, and

— the horizontal and vertical reaction forces between the scouring berg and the soil

are constant.

— The scouring berg is assumed to be rectangular parallelopiped in shape with a front

scouring face that may vary in slope, or “rake angle”, within the range of 90° < « < 180°.

— The soil displaced by scouring is assumed to create a mound in front of the scouring
berg. The frontal mound attains a steady state height, kD, and slope angle, . Thereafter,

any additional scoured soil is cleared to the sides of the scouring berg.

— A dead wedge is assumed to be created at the front face of the scouring berg. The wedge

angle, w, is determined as recommended by Been et al (1990b) with the following values

for scours in sand:

Rake Angle, ¢ Wedge Angle, ©
90° 90°-¢
120° 90° - ¢/2
150° 90°

The wedge angle is taken to be 90° for clay. These wedge angles are in general agreement
with observations from physical model tests carried out in a centrifuge by C-CORE for
the Pressure Ridge Ice Scour Experiment (PRISE). See C-CORE (1995a to 1), Winsor
et al (1996), Winsor and O’Neil (1996a,b,c), and Winsor and Parsons (1997a,b,c.d.e).

A passive pressure rupture zone is assumed to occur in front of the dead wedge during steady state
scour conditions. The passive pressure coefficient, Kp, is determined using a log sandwich
mechanism developed by Rosenfarb and Chen (1972), which compares favorably with the
Sokolovsky (1965) solution.
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Figure 11. Scour geometry and location of scour forces

For a rough interface (i.e. 6 = ¢) in cohesionless soil (¢’=0), the passive pressure coefficient is

determined using the following expression developed by Chen and Rosenfarb (1973) which was
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determined by equating the rate of external work with the rate of internal energy dissipation:

PY

B secd sin’p cos(p - ¢)cos(a - p)sin(e +¢)
sing + tand cosa sin’ acos ¢ cos(p +¢)

cos’(p -¢)sin(at +¢)
sin’a cos’¢ (1+9tan’¢ )cos(p + §)
xexp(3y tang )]+ sin(a - p)[ 1+ (3tang siny -cosy Jexp(3y tang )]
, o8’ (p-g)sin(et - p -y + B)cos(a - p -y)sin(ar + §)exp(y tang )
sin“er cosg cos(a - p -y + B +¢@)cos(p +¢)

[cos(a - p)[-3tan¢ + (3tan¢ cosy +siny )

For a smooth interface (i.e. & < ¢) in cohesionless soil (c’=0), the passive pressure coefficient is

determined using:

K = sec o {tan pcos(p—g¢)cos(a—p)

e tan & cos(o — i
sin@ +tan d cos o — (@—p) sinacos @

cos p

cos’(p—¢)
cos psinacos’ ¢(1+9tan” ¢)
xexp(3y tan @)] +sin{a — p)[1+ (3tan @ siny —cos ¥ ) exp(3y tan ¢)]]

' cos’(p ~@)sin(ct— p —y + B)cos(a ~ p —y)exp(3y tan ¢)
cos¢sinacos(a—p-yw+¢+ f)cosp

+

[cos(ax— p)[—-3tan ¢ cosy +siny)

In a cohesive soil (c’>0) with a smooth interface { & < ¢), the passive pressure coefficient is

determined using:

secor x{costpcos(a—— P) + sin p sin(0 + ¢)
pe

=sina+tan30cosa sin@cos(p+¢) sinacos(p+o)
4 cos(p—@)sin(a— p —y + f)sin(a +9)exp(2y tan¢)
singcos(— p—y+o+ B)cos(p+¢)

4 £os(p —@)sin(a +¢)[exp(2y tan ¢) —1]
sin @ sinacos(p +¢)
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In a cohesive soil (c’>0) with a rough interface ( & = ¢), the passive pressure coefficient is

determined using:
secq
K, = x {tan p

i tan & cos{c —
sinc + tan & cosax — @-p)
cos p

4 Cos(p—¢)sin(a—p—y + B)exp( 2y tan¢)
cospcosfa—p-y+¢+f3)
, €03(p = 9)[exp(2y tan ) ~ 1]}

singcos p

The above passive pressure coefficient equations are solved using an iterative procedure where p and
Y are varied to obtain a minimum value for Kp. The passive pressure coefficients are determined

separately for the cohesion and friction components and the results are superimposed to determine

the overall passive pressure.

- A correction factor, Ky, is applied to the computed passive pressure force acting at the
front of the scour to account for the rupture zone extending to the sides of the scour (see

Figures 12 and 13).

K.y = 1 + D/[6B tan(45-¢/2)]

C-CORE



Force models for drained 28 December 3, 1998
and undrained steady
state ice scouring

FRONTAL RUPTURE ZONE

|

= - ,2
APPROX WIDTH OF RUPTURE ZONE Lr=D/tan(45 - ¢/2)

CONSIDERING 3D EFFECTS 7

ICE

|—h SCOUR WIDTH, B -
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Figure 13. Variation of passive pressure correction factor with B/D ratio

The passive pressure forces are determined as:

P, = Vay’B(D+xD)* K, K, (frictional component)
P,=2c¢BDK K. * (cohesive component)
P=P +P,
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These forces are assumed to act on the {ront face of the dead wedge at heights of Y, and

Y, above the base of the scour.

Y, =(D+D)/3 (frictional component)
Y,,=D/2 (cohesive component)

Yp = (P,Ypl + PZsz) /(P +P)

The passive resistance force acts at an angle of 0, = w + & - 90° from the horizontal.

— Side shear resistance, Ss, is generated on both sides of the dead wedge. The side shear

resistance is determined for each side of the wedge as:

S.=%y (D+xD)f, K A, tand,  (frictional component)
Se=C"Agy, (cohesive component)

Ss = Ssl + SQ
A, Is the area of the dead wedge over which shearing occurs and f, is a passive pressure
reduction factor to account for a lower Kp at the sides of the scour than at the front of the
scour. The friction angle used for determining the shear resistance is the large strain
{(constant volume) friction angle.

- Base shear resistance, Sb, is generated along the bottom of the dead wedge.

Sb =N tand,,

where N is the vertical load acting on the soil and ¢, is the large strain friction angle of

the soil.
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3.3 Determination of Soil Reaction Force and Point of Application

The soil reaction due to ice scour is determined by resolving forces in the horizontal and vertical

directions.

a) Force equilibrium in the horizontal direction: R cos8, = 2Ss + N tand + Ph

b) Force equilibrium in the vertical direction: R sinf, =N + Py
If it is assumed that the orientation of the resultant force is known, 8, = 45° based on PRISE ice
scour experiments carried out by C-CORE (C-CORE 1995a to i; Winsor et al 1996: Winsor and

O’Neil 1996a,b,c; Winsor and Parsons 1997a, b,c,d,e ), the magnitude of the resultant is,

R = (Ph + 2Ss - Pv tan¢) / (cos8, - sin0, tang)

with a horizontal component of, Rh =R cos 0,
and a vertical component of, Rv =R sinf,
The magnitude of the normal force is, N =R sinf, - Py

The location of the resultant force with respect to the scouring berg is determined from moment

equilibrium which gives:

Xv =[(Nxn + 285Y¥ss + PhYp + PvXp)/R] {cos(180-a)/sin{180-a+8,)]
Yh = [(Nxn + 2Ss5Yss + PhYp + PvXp)/R] {sin(180-a)/sin(180-0+8,)]

C-CORE



Force models for drained 31 December 3, 1998
and undrained steady
state ice scouring

Table 5. Summary of abbreviations and symbols used in C-CORE model

Parameter

soil reaction force

Rh = horizontal component of soil reaction force
Ry = vertical component of soil reaction force
P = passive resistance force
1 Ph = horizontal component of passive resistance force
Pv = vertical component of passive resistance force
N 2 normal force on bottom of dead wedge
Sb = shear force on bottomn of dead wedge
Ss = shear force on sides of dead wedge
Ns = normal force on sides of dead wedge n
Kp = passive pressure
Kip = passive pressure correction factor for 3D effects
£, = passive pressure reduction factor for side shear
Xv = horiz distance from base of scour to point at which reaction force acts
Yh = height at which horizontal component of reaction force acts
Yp = height at which horizontal component of passive pressure acts
Xp = horiz distance from base of scour to point at which passive force acts
Xn = horiz distance from base of scour to point at which normal force acts
Yss = height at which side shear force acts above base of scour
D = scour depth below original sea floor elevation
kD = height of frontal mound |
Xwdg = width of dead wedge
o = rake angle
0, = angle of resultant soil reaction force with respect to horizontal
0, = angle of passive pressure force with respect to horizontal
0 = wall friction angle
B = slope angle of frontal mound
W = wedge angle
Y’ = effective (buoyant) unit weight of the soil
’ = effective friction angle of the soil

C-CORE



Force models for drained 32 December 3, 1998
and undrained steady
stale ice scouring

40 C-CORE MODEL FOR UNDRAINED SCOURING

4.1  Model Description

The C-CORE undrained scour model assumes steady state scouring where the scour force, the scour
depth, the scour width, and the size of the frontal mound and side berms remain constant over large
scour distances (often in the order of 1000's of metres in length). In the model, a virtual work
calculation is carried out based on an assumed incremental mechanism. The horizontal scour
resistance is calculated by balancing the work input to the system with the energy dissipated from

the systemn. Several mechanisms are considered in the analysis including:

~ shear resistance along the base of a dead wedge created in front of the scouring berg,
— shear resistance along the base of a passive wedge created in front of the dead wedge,
— shear resistance along the interface between the dead and passive wedges,

— shear resistance on the two sides of the dead and passive wedges, and

— a clearing mechanism for moving accumulated soil to the sides of the berg during

scouring.

These mechanisms are shown schematically in Figure 14. The vertical scour resistance is limited by
the vertical bearing capacity of the soil under the dead wedge. The model does not take into account
the energy required to shear the soil as the direction of soil movement changes (a soil particle in the
centre of the scour path initially moves parallel to the ice movement and as displacement increases,
the soil particle movement becomes perpendicular to the ice movement direction). The geometric

distortion and the restraint of the keel above the soil are not considered in the model.
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Figure 14. Mechanism for undrained ice scour model

C-CORE



Force models for drained 34 December 3, 1998
and undrained steady
state ice scouring

4.2 Formulation of Ice Scour Model

The assumed scour geometry and the location of the forces are shown on Figure 15 and Figure 16.
The horizontal and vertical scouring forces are designated by R, and R,. Soil resistance forces along
the base of the dead wedge, the dead/passive wedge interface, the base of the passive wedge, the
sides of the dead wedge, and the sides of the passive wedge are designated R1, R2, R3, R4, and RS,
respectively. The weight of the passive soil block, the surcharge, and the soil cleared to the sides of
the scouring berg are designated W1, W2 and W3, respectively. The magnitude, location, and
orientation of the resultant soil reaction forces, R,, and R, can be determined using the scour model
developed on the following pages. A summary of symbols and abbreviations used in formulating the

scour model is presented in Table 7 located at the end of section 4.

The methodology and assumptions used in formulating the scour model are summarized as follows:

— The soil is cohesive and scouring is sufficiently rapid that no dissipation of pore pressure

occurs during scouring,

— The base of the scour is parallel with the sea floor (this is equivalent to assuming that the

sea floor is horizontal and the scour depth is constant).

— Steady state scouring conditions are assumed where:

~ scour depth, D, is constant,

scour width, B, is constant,

— the dimensions of the frontal mound and side berms are constant, and

horizontal and vertical reaction forces between the ice and the soil are constant.

- The scouring berg is assumed to be rectangular parallelopiped in shape with a front

scouring face that may vary in slope, or “rake angle”, within the range of 90° < o < 180°.
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— The soil displaced by scouring is assumed to create a mound in front of the scouring
berg. The frontal mound is assumed to attain a steady state height, kD such that the
height of an equivalent rectangular surcharge is equal to %2D. Thereafter, any additional

scoured soil is cleared to the sides of the scouring berg.

— A dead wedge is assumed to be created at the front face of the scouring berg. The wedge
angle is taken to be 90° for clay.

~ A passive pressure rupture zone is assumed to occur in front of the dead wedge during
steady state scour conditions. The slope of the rupture surface from the horizontal is

taken as 45°,

Consider the work carried out by moving an ice feature a horizontal distance of &, while the soil is
being scoured to a depth D. It is assumed that the vertical displacement of the ice is zero during
scouring. The work into the system and the energy dissipated during scour are determined as shown

in Table 6. From these relationships, the normalized horizontal scouring force is determined as:

Re ! +1+2+4 D +‘ED+7D+7B
C.DB tan(180-q) Bun(180-a) B C, 4C,

with the horizontal soil resistance being

Rh=CuDB[ ! +1+2+ b +ﬁD+7D+YB]

tan(180 —a) Btan(180 - ) B C 4C,

]
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The vertical scour resistance is assumed to be limited by the vertical bearing capacity of the soil

which is determined using the following relation.

2
R, <[5.14C, +1.5D(y'+y,, )]deng(l— 9’;())

Table 6. Develogment ofa re for t overall horizontal scour tance L

Term Displ.
Work In
R, ) R, R, Total horizontal force
applied to soil
H R, 0 R, 0 Total vertical force
applied to soil
Energy Out ﬂ
R1 Lo} C,BD/tan{180-a) 6C BD/tan(180-a) | Soil resistance along
base of dead wedge
i
R2 ) C,BD 8C,BD Soil resistance on
dead/passive wedge
interface
I Rr3 V234 v2C,BD 26C,BD Soil resistance along |
base of passive wedge
R4 ) C,D*tan(180-c) 8C,D*tan(180-at) | Soil resistance along
i sides of dead wedge
R5 V28 C,D? V2 6C,D? Soil resistance along
sides of passive wedge
w1 & Yay D’B 16y’ D’B Force required to lift ﬂ
passive wedge
W2 Gl Y2y’ D’B 156y’ D’B Force required to lift
frontal mound
w3 4B 5y’'DB 14dy DB’ Force to clear soil to
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scour width

D = scour depth below original sea floor elevation

0.5D= height of equivalent surcharge due to frontal mound development
o« = rake angle

w = wedge angle

C, = undrained strength of cohesive soil

Yy’ = effective (buoyant) unit weight of the soil

Y. = unit weight of water

R, = horizontal component of soil reaction force

R, = vertical component of soil reaction force

R1 = shear resistance developed on bottom of dead wedge

R2 = soil resistance on dead/passive wedge interface

R3 = soil resistance along base of passive wedge

R4 = soil resistance along sides of dead wedge

R5 = soil resistance along sides of passive wedge

Wl= force required to lift passive wedge

W2=force required to lift surcharge soil

W3=force to clear soil to sides of scouring berg

X4= length of dead wedge

& = incremental displacement used in work/energy calculations

A = angle of resultant force from vertical (assume um A=30°) -
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5.0 COMPARISON OF ICE SCOUR MODELS

5.1  Ice Scouring With Drained Conditions

S.1.1 Comparison with test data and other models

Scour forces computed using the Surkov medel, the Been model, and the C-CORE c-¢’ model are
shown in Figure 17. Scour forces determined from PRISE tests in sand are compared in Figure 18
with scour forces calculated using the C-CORE model. Parameters used in these analyses are

summarised in Table 8,

The Chari model was developed for analysing scours in cohesive soils and cannot be readily applied
to granular materials. The Kioka mode! uses rather complex mathematics and scour path trajectory

for calculating scour forces, and was not compared to the other models or to the PRISE data.

In the formulation of the Surkov model, it was assumed that all of the displaced soil remains at the
front of the scouring berg and contributes to the passive resistance of the frontal wedge. For scours
in short steep slopes, smaller volumes of soil will be accumulated for larger scour depths and the use
of the Surkov model may give results that are comparable to those generated using the C-CORE
model. For long scour lengths where the sea bottom is horizontal or nearly horizontal, the Surkov
model will indicate a tremendous volume of soil retained in front of the ice feature and very large

scour forces will be computed.

The Been model was originally formulated to consider the normal force and shear resistance at the
bottom of the ice in addition to the horizontal and vertical components of passive resistance. The
computer program provided (Been et al 1990b), however, has not been developed to the stage where
a base resistance component is included in the scour resistance calculations. The scour forces

calculated are based solely on the horizontal and vertical components of passive resistance.
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Scour forces calculated using the C-CORE model with effective friction angles of 35° and 40°

provide approximate upper and lower limits to the forces observed during the PRISE tests in sand

and are shown in dimensionless form in Figure 18.

Horizontal Scour Force (kN/m width)

Vertical Scour Force (kN/m width)
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Been #1

Notes:

1) Surkov model does
not provide vertical scour
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2} See Table 8 for summary
of parameters used to
generate soil resistance
curves in this figure.

Figure 17. Comparison of scour models for drained conditions
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Figure 18. Comparison of C-CORE drained scour model with test data
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Table 8. Parameters used for scour calculations shown in Figures 17 and 18

T Surkov Model
| # #2 J_ga

¥’ kN/m? 10 10 10 10 10
¢’ deg 35 35 35 40 35

ﬂ ¢ deg 35 35 35 37 32
¢ kPa - - - 0 0
rake angle deg 90 90 90 165 165 165 165
scour width m - - - - - 15 15
bed slope 1:200 1:500 1:1000 | 1:1500 1:1500 | horizontal | horizontal |
surcharge kPa/m - - - 10 10 ~10 ~10
atm pressure kPa 101.3 101.3 101.3 101.3 101.3 101.3 101.3

5.1.2 Sensitivity of model to variations in parameters

A sensitivity analysis was carried out to demonstrate how scour forces computed using the C-CORE
drained model will vary with changes to key parameters. The results of the sensitivity analysis are

presented in Figures 19 through 23.

In Figure 19, the horizontal scour force per unit scour width is plotted versus depth for scour widths
of 15 m, 20 m, 25 m and 30 m. Although there is a reduction in scour force due to the reduced three
dimensional effects as the scour width increases; the observed increase in scour force with increasing
scour width is primarily due to the height of the surcharge increasing as the ratio of scour width to

scour depth increases.
Figure 20 shows a decrease in the scour resistance with decreasing frictional strength which is

expected for the assumed scour mechanism. The scour resistance is relatively insensitive to moderate

changes in effective cohesion, as is indicated in Figure 21.
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Figure 22 indicates there is a significant increase in scour resistance as the rake angle is increased

from 120 to 165 degrees. This trend is in agreement with the results of the PRISE tests on sand.

As shown in Figure 23, the effect of increasing the effective unit weight of soil from 6 to 12 kN/m?,

is a substantial increase in the scour force.
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Figure 23. Sensitivity of drained model to y’
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5.2 Ice Scouring With Undrained Conditions
5.2.1 Comparison with test data and other models

The soil resistance determined using the Chari and the C-CORE undrained models are plotted in
Figure 24. The horizontal scour forces calculated using the C-CORE model are substantially greater
than those calculated using the Chari model with the same soil conditions. The vertical scouring

force is not determined using the Chari model.

In Figure 25, the horizontal and vertical scour forces determined using the C-CORE undrained and
drained models are plotted in a dimensionless form together with results from PRISE tests in silty

clay and results of tests carried out by Lach (1996) in Speswhite kaolin clay.

The PRISE and Lach (1996) tests had relatively shallow model scours and there was some excess
pore pressure dissipation during the scour events. These test results should therefore be bracketed
by the undrained and drained model predictions. The PRISE tests results are comparable to the
C-CORE undrained model #3 and drained model #2 predictions. The Lach (1996) results are
comparable to the C-CORE undrained model #2 and drained model #1 predictions. The horizontal
force results are reasonably bounded by these predictions. The kaolin test and deep scour results are
close to the undrained predictions. The vertical force results are generally closer to, and distributed

about, the drained model predictions.

Table 9 summarises the parameters used in calculating the forces plotted in Figures 24 and 25.
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Table 9. Parameters used for scour calculations shown in Figures 24 and 25

——— e _____

Parameter Chari Model C-CORE Undrained Model C-CORE Drained
Model

10 25 50 100 10 25 50

9 | 9 | 9% | 90 [ 165 | 165 | 165
30 [ 30 f 30 [ 3 | 30 | 3 | 30
101.3 | 101.3 { 101.3 | 1013 | 1013 | 1013 | 1013
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Figure 24. Comparison of Chari and C-CORE models for undrained conditions
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Figure 25. Comparison of test data to drained and undrained models
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5.2.2 Sensitivity of model to variations in parameters

A sensitivity analysis was carried out to determine how scour forces computed using the C-CORE
undrained model will vary with changes to key parameters. The results of the sensitivity analysis are

presented in Figures 26 through 29.

Figure 26 indicates that the vertical scour force is insensitive to changes in the scour width, whereas

the horizontal scour force will increase significantly for wide and deep scours.

Figure 27 indicates that both the horizontal and vertical scour resistance will vary substantially with
different rake angles. This is in agreement with the results from PRISE tests where the scour

resistance increases with larger rake angles.

As indicated by Figure 28, both the horizontal and vertical scour resistance will increase with
increasing undrained strength. The model indicates that the ratio of the vertical to horizontal scour

force is relatively constant with depth for strong soils and increases with increasing depth for weaker

s0il,

The scour forces are relatively insensitive to variations in the effective unit weight of the soil (Figure

29). There is a slight increase in the scour forces with increasing unit weight for deep scours.
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Figure 26. Sensitivity of undrained model to B (¢=165°, c,=25 kPa, y'=10 kN/m3)
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Figure 27. Sensitivity of undrained model to & (B=15 m, ¢,=25 kPa, y'=10 kN/m3)
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Figure 28. Sensitivity of undrained model to ¢, (B=15 m, a=165°, y'=10 kN/m3)
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Figure 29. Sensitivity of undrained model to y’ (B=15 m, a=165°, ¢,=25 kPa)
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